Measurements of body composition are fundamental for an in-depth evaluation of nutrition status. Evaluating body weight or weight change (primarily weight loss) throughout the course of a clinical condition has been a paramount end point for the assessment of nutrition status and is, in fact, useful when drastic changes are observed. Nonetheless, in certain circumstances such as with aging or in certain patient cohorts, body weight (and hence body mass index \[BMI\]) may not accurately depict specific shifts between lean and adipose tissue compartments, and individuals may therefore present with weight stability while gaining fat and losing lean mass.^[@bibr1-0148607114550189]^

This review explores the methodologies and the emerging value of imaging techniques used to assess body composition in research and clinical settings, focusing on the value of lean soft tissue (LST) to predict nutrition status and risk in clinical situations. This report also provides background information for clinical researchers, clinicians, and other healthcare professionals who are interested in exploring and using these imaging techniques in their practices to assess body composition.

Body Composition Terminology {#section1-0148607114550189}
============================

There is often confusion in the literature regarding body composition terminology that can hinder our understanding and our ability to effectively compare results from individual studies without a careful evaluation of the methodological approach used. For instance, the terms *lean body mass* (LBM) and *fat-free mass* (FFM) are often used interchangeably, although they depict different body composition compartments ([Figure 1](#fig1-0148607114550189){ref-type="fig"}).

![Selected molecular and tissue-organ body composition level components. ATFM, adipose-tissue free mass; FFM, fat-free mass; LST, lean soft tissue.](10.1177_0148607114550189-fig1){#fig1-0148607114550189}

As listed in [Figure 1](#fig1-0148607114550189){ref-type="fig"}, LBM, more correctly termed *LST*,^[@bibr2-0148607114550189]^ is the sum of body water, total body protein, carbohydrates, nonfat lipids, and soft tissue mineral. Hence, the fat and bone mineral compartments are excluded. The sum of LST and the bone mineral compartments yields FFM, which is formed by skeletal and nonskeletal muscle, organs, connective tissue, and bone. On the tissue-level organizational system,^[@bibr2-0148607114550189]^ skeletal muscle mass is a critical component of the LST and hence FFM compartments. While it is important for the reader to understand exactly which compartment (ie, muscle, LST, or FFM) is being measured in a specific study, losses or gains of these compartments occur in parallel of each.

Less confusion is observed among the definitions of *fat mass* and *adipose tissue*, which are respectively at the molecular and tissue-organ levels of body composition. Adipose tissue is a connective tissue formed by adipocytes, collagenous and elastic fibers, fibroblasts, and capillaries.^[@bibr3-0148607114550189]^ Approximately 80% of adipose tissue is fat mass, the specific family of lipids consisting of triglycerides.^[@bibr2-0148607114550189]^ The discussion of different body composition terminology is especially relevant for the understanding of each available imaging technique, as different methods assess different compartments of the human body. Advantages of assessing adipose tissue, for example, include the differentiation between subcutaneous, visceral, and intramuscular compartments.

Body Composition Measurement Methods {#section2-0148607114550189}
====================================

Body composition can be estimated using different modalities:

-   Anthropometry: lengths and breadths, circumferences, and skinfold thicknesses

-   Body volume/density: hydrodensitometry/underwater weighing and air displacement plethysmography, as well as 3-dimensional (3-D) body surface imaging

-   Total body water or hydrometry: tracer techniques using principles of dilution

-   Major body elements: whole-body counting and neutron activation analysis

-   Impedance: bioimpedance analysis (BIA)

-   Imaging/x-ray attenuation: dual-energy x-ray absorptiometry (DXA), computerized tomography (CT), magnetic resonance imaging (MRI), quantitative magnetic resonance (QMR), quantitative computed tomography (QCT) imaging, and ultrasound

-   Multicompartment models: combination of methods that can include total body water, body volume, and bone mineral content, for example

Each technique has its advantages and disadvantages, which have been summarized in [Table 1](#table1-0148607114550189){ref-type="table"}. However, the focus of this article is the emerging use of imaging techniques (DXA, CT, MRI, and ultrasound) for the assessment of LST in the clinical setting.

###### 

Summary of Commonly Used Body Composition Techniques.

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Technique                                                  Principle and Compartment Being Measured                                                                                                                                                                                                                                                                                                             Advantages                                                                                                                                                                              Disadvantages                                                                                                                                                                                                                                       References
  ---------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------
  *Anthropometry*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

   Lengths and breadths/circumferences /skinfold thickness   Body mass and geometry using scales, stadiometers, tape, skinfold calipers.\                                                                                                                                                                                                                                                                         Easily obtained, inexpensive, noninvasive, and portable.                                                                                                                                Methods are relatively insensitive.\                                                                                                                                                                                                                90, 91
                                                             Surrogate measures of relative fatness. Skinfold thickness may also be used to estimate FFM and muscle size.                                                                                                                                                                                                                                                                                                                                                                                                                                 Body composition is not measured (lengths and breadths) or estimated (circumferences, skinfold thickness).\                                                                                                                                         
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          Assumes a constant proportion of SAT thickness and that SAT will have a constant compressibility.                                                                                                                                                   

  *Body volume/density*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

   Underwater weighing or hydrodensitometry                  Body density is calculated by assessment of body volume measured by underwater weighing.\                                                                                                                                                                                                                                                            Reliable and valid for measuring body density and percent body fat.                                                                                                                     High cost and high patient burden.\                                                                                                                                                                                                                 92
                                                             Estimates FM and FFM (2-compartment model).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  Limited application to highly specialized laboratories and/or research settings.\                                                                                                                                                                   
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          Relies on assumed densities of FFM and FM compartments.                                                                                                                                                                                             

   Air displacement plethysmography                          Replacement for hydrodensitometry; used for the estimation of FM and FFM (2-compartment model).\                                                                                                                                                                                                                                                     Excellent precision and accuracy for measurement of volume.\                                                                                                                            Relies on assumed densities of FFM and FM compartments.\                                                                                                                                                                                            90
                                                             Relationship between pressure and volume is used to determine body's volume, and the density is then calculated.                                                                                                                                                                                                                                     Can be safely used in all age groups (infants to elderly).\                                                                                                                             Some studies reported poor validity compared with hydrodensitometry.\                                                                                                                                                                               
                                                                                                                                                                                                                                                                                                                                                                                                                  Accommodates obese and very tall individuals.\                                                                                                                                          Limited application to highly specialized laboratories and/or research settings.\                                                                                                                                                                   
                                                                                                                                                                                                                                                                                                                                                                                                                  Body density can be used in multicompartment model calculations.                                                                                                                        Relies on assumed densities of FFM and FM compartments.                                                                                                                                                                                             

   3-D body surface imaging                                  Digitalized optical method (densitometry) that measures body shape and dimensions generating a 3-D photonic image.\                                                                                                                                                                                                                                  Easy to use, low cost, safe, and provides fast and accurate measurement of the body.\                                                                                                   Limited availability of the technique.\                                                                                                                                                                                                             93--95
                                                             Total and regional body volumes and dimensions are reported (circumferences, lengths, and percentage of body fat).                                                                                                                                                                                                                                   Additional anthropometric parameters can be calculated: waist and hip circumferences, sagittal abdominal diameter, segmental volumes, and body weight.\                                 For accurate percentage body fat estimation, subjects must wear close-fitting minimal clothing and be able to stand motionless while holding their breath for 10 seconds, which may not be feasible in patients with certain clinical conditions.   
                                                                                                                                                                                                                                                                                                                                                                                                                  Accommodates severely obese individuals\                                                                                                                                                                                                                                                                                                                                                                                                    
                                                                                                                                                                                                                                                                                                                                                                                                                  Proposed as a novel approach for epidemiologic research.                                                                                                                                                                                                                                                                                                                                                                                    

  *Total body water or hydrometry*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

   Labeled water--isotope dilution techniques                Volume of the compartment is determined as administered tracer/tracer concentration.\                                                                                                                                                                                                                                                                Safe and practical for field research.\                                                                                                                                                 Several assumptions are made with regard to tracer distribution and effect in the body.\                                                                                                                                                            90, 93
                                                             Used for the assessment of TBW with deuterated (^2^H), tritated (^3^H), or oxygen-labeled (^18^O) water.\                                                                                                                                                                                                                                            Easy to administer.\                                                                                                                                                                    Relies on assumed hydration of the FFM compartment (73.2%).\                                                                                                                                                                                        
                                                             Estimates FM and FFM (2-compartment model).                                                                                                                                                                                                                                                                                                          Important for multicompartment model calculations.                                                                                                                                      Expensive, requires highly specialized equipment.                                                                                                                                                                                                   

  *Major body elements*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

   Whole-body counting (potassium)                           Used to assess BCM and FFM. K is distributed mainly into the intracellular compartment with a relatively constant concentration within the BCM and FFM compartments.\                                                                                                                                                                                Reference method for the assessment of BCM (high precision and accuracy).\                                                                                                              Limited to specialized research settings and requires advanced technical skills to operate.\                                                                                                                                                        4
                                                             ^40^K is a naturally radioactive form of K, which can be quantified.                                                                                                                                                                                                                                                                                 Safe and applicable across age groups.                                                                                                                                                  Expensive, requires highly specialized equipment and personnel.                                                                                                                                                                                     

   Neutron activation analysis                               Fast neutron source from a low radioactive field produces isotopic atoms that have unique emissions and decay paths and can, therefore, be measured.\                                                                                                                                                                                                High precision and accuracy.\                                                                                                                                                           High cost, including setup and maintenance; limited availability; and high technical skills are required to operate.\                                                                                                                               4, 90
                                                             These atomic elements are components of specific compartments (protein, FM, TBW, and BMM).                                                                                                                                                                                                                                                           Capable of quantifying all the main atomic elements found in vivo.                                                                                                                      Involves neutron radiation exposure, which poses potential danger during childhood and pregnancy.                                                                                                                                                   

  *Impedance*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

   BIA                                                       Measures resistance and reactance from an electrical signal sent to the body based on the fact that FFM has a higher water and electrolyte content; therefore, it is a good conductor.\                                                                                                                                                              Portable, safe, reproducible, and low cost.                                                                                                                                             Relies on population-specific regression equations; some of these equations are not released by the manufacturer.\                                                                                                                                  89, 96, 97
                                                             Measures TBW, which is then used to estimate FFM and FM.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     Limited applicability in those with BMI \>34 kg/m^2^ where BIA may overestimate FFM and underestimate FM.\                                                                                                                                          
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          Some regression equations are not released by the manufacturer.                                                                                                                                                                                     

  *Imaging/x-ray attenuation*                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

   DXA                                                       Uses very low-radiation x-rays of 2 beams of energy. The generation of a high- and low-energy emission by an x-ray source is used to differentiate between soft tissue and bone. FM is then estimated from specific attenuation characteristics of soft tissues.                                                                                     Differentiates fat, lean, and bone tissue.\                                                                                                                                             There are differences within and between manufacturers and software versions.\                                                                                                                                                                      4, 90
                                                                                                                                                                                                                                                                                                                                                                                                                  Regional measures of body composition can be obtained.\                                                                                                                                 Inability to differentiate compartments within fat and lean tissues.\                                                                                                                                                                               
                                                                                                                                                                                                                                                                                                                                                                                                                  Safe for repeated measures; fast and noninvasive.\                                                                                                                                      Measurements are influenced by thickness of tissue and lean tissue hydration.\                                                                                                                                                                      
                                                                                                                                                                                                                                                                                                                                                                                                                  High precision and accuracy.                                                                                                                                                            Low radiation exposure but is not safe for pregnant women.                                                                                                                                                                                          

   CT scans                                                  The x-ray attenuation through tissues is detected and an image is reconstructed.\                                                                                                                                                                                                                                                                    Highly accurate quantitative and qualitative measure of body composition at the tissue-organ level, particularly total and regional AT and skeletal muscle tissue.\                     Limited to highly specialized settings, costly, and requires specialized skills to operate.\                                                                                                                                                        4, 98
                                                             AT skeletal muscle, bone, visceral organs, and brain tissue can be identified by the different x-ray attenuation.                                                                                                                                                                                                                                    High image resolution.\                                                                                                                                                                 Large radiation exposure.\                                                                                                                                                                                                                          
                                                                                                                                                                                                                                                                                                                                                                                                                  Consistent image attenuation value within and between scans.\                                                                                                                           Cannot accommodate very large subjects (cannot fit in the scanner).                                                                                                                                                                                 
                                                                                                                                                                                                                                                                                                                                                                                                                  Useful in clinical settings where these images are acquired for medical diagnosis/follow-up purposes.                                                                                                                                                                                                                                                                                                                                       

   MRI                                                       When a strong magnetic field is generated, atomic protons become aligned in the magnetic field. These protons are then activated by a radio frequency wave, absorbing energy. The signal generated is used to develop regional and whole-body cross-sectional images.\                                                                               Excellent image resolutions.\                                                                                                                                                           Limited to highly specialized settings, costly, and requires specialized skills.\                                                                                                                                                                   4, 92
                                                             Quantifies adipose tissue, skeletal muscle, edema, and visceral organs.                                                                                                                                                                                                                                                                              Most accurate method to determine body composition at the tissue-organ level, specifically whole-body and regional adipose tissue and skeletal muscle tissue (quantity and quality).\   Procedure requires individuals to hold their breath.\                                                                                                                                                                                               
                                                                                                                                                                                                                                                                                                                                                                                                                  Safe across age range and groups.                                                                                                                                                       Cannot accommodate very large subjects (cannot fit in the scanner).                                                                                                                                                                                 

   QMR                                                       Detects different spin relaxation rates in different tissues through nuclear magnetic resonance relaxometry. Lean, fat, and free water tissues have different rates of relaxation rates that allow for differentiation.\                                                                                                                             High measurement precision.\                                                                                                                                                            Relatively new technique, limited to highly specialized settings; costly and requires specialized skills to operate.\                                                                                                                               90, 93, 99, 100
                                                             QMR differs from MRI in that the processed signal is obtained from the whole body at once (without spatial encoding).                                                                                                                                                                                                                                Rapid, noninvasive.                                                                                                                                                                     Tendency to overestimate FM compared with a 4-compartment model.\                                                                                                                                                                                   
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          Not widely used/limited evidence.                                                                                                                                                                                                                   

   QCT                                                       Measure volumetric BMD at the spine, hip, forearm, and tibia using a CT scanner.\                                                                                                                                                                                                                                                                    High accuracy and reproducibility.\                                                                                                                                                     High radiation exposure, high cost, and limited to highly specialized settings; costly and requires specialized skills to operate.\                                                                                                                 93, 101
                                                             3-D nonprojectional technique.                                                                                                                                                                                                                                                                                                                       Distinguish between trabecular and cortical bone components. Allows the measurement of density and 3-D geometric parameters of cortical bone.\                                          Not widely used/limited evidence.                                                                                                                                                                                                                   
                                                                                                                                                                                                                                                                                                                                                                                                                  Trabecular volumes are largely independent of degenerative changes in the spine.                                                                                                                                                                                                                                                                                                                                                            

   Ultrasound                                                Acoustic waves (ultrasound) are reflected from tissue in the path of the ultrasound beam transmitted through the skin, which is partially reflected back to the transducer when in contact with a tissue. The amount of "sound" reflected is dependent on the changes in acoustic impedance, which is different among air, fat, muscle, and bone.\   Safe, portable, fast, lower cost.\                                                                                                                                                      Lack of standardized measurement techniques; results affected by technical errors, protocol standardization, and anatomical irregularities.\                                                                                                        37
                                                             Has mostly been used to measure SAT and VAT. Measurement of muscle and bone thickness is being studied.                                                                                                                                                                                                                                              Reliable, reproducible, and accurate measurement of AT.                                                                                                                                 Provides more qualitative than quantitative results.\                                                                                                                                                                                               
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          Results are highly dependent on the skills of trained operators.                                                                                                                                                                                    

   Multicompartment models                                   Combination of measurement techniques to assess whole-body composition.\                                                                                                                                                                                                                                                                             Gold standard and criterion method (comprehensive analysis with minimal assumptions).                                                                                                   Limited to highly specialized settings; costly and requires specialized skills to operate.                                                                                                                                                          90, 93
                                                             More commonly used in the 4-compartment models, including measurements of body volume (hydrodensitometry or air displacement plethysmography), TBW (dilution), and bone mass (DXA).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

![](10.1177_0148607114550189-table1)

AT, adipose tissue; BCM, body cell mass; BIA, bioimpedance analysis; BMD, bone mineral density; BMI, body mass index; BMM, bone mineral mass; CT, computerized tomography; DXA, dual-energy x-ray absorptiometry; FFM, fat-free mass; FM, fat mass; K, potassium; MRI, magnetic resonance imaging; QMR, quantitative magnetic resonance; QTC, quantitative computed tomography; SAT, subcutaneous adipose tissue; TBW, total body water; 3-D, 3-dimensional; VAT, visceral adipose tissue.

LST Assessment by Most Commonly Used Imaging Techniques {#section3-0148607114550189}
=======================================================

The most commonly used techniques to measure LST (or its related components) are DXA, CT, MRI, and ultrasound imaging.

Dual-Energy X-ray Absorptiometry {#section4-0148607114550189}
--------------------------------

DXA is a widely used method that assesses body composition at the molecular level. Bone mineral mass and density, as well as fat and fat-free soft tissues at the whole-body and regional levels, can be assessed.^[@bibr4-0148607114550189][@bibr5-0148607114550189]-[@bibr6-0148607114550189]^ One important advantage of using DXA is its ability to estimate appendicular skeletal muscle (ASM) mass by measuring the amount of LST in the arms and legs, which is mainly muscle (except for a small amount of connective tissue and skin).^[@bibr6-0148607114550189],[@bibr7-0148607114550189]^ ASM has been widely used in the study of sarcopenia and the establishment of cut points for the definition of this syndrome.^[@bibr1-0148607114550189],[@bibr6-0148607114550189],[@bibr8-0148607114550189],[@bibr9-0148607114550189]^

During a DXA scan, low-radiation x-rays of 2 different photon energy levels pass through the body and are identified by a photon detector that measures the amount of energy absorbed (attenuation) by soft tissue and bone at each pixel.^[@bibr5-0148607114550189]^ Soft tissue is further subdivided into fat and LST based on the empiric attenuation of both pure fat and bone-free soft tissue.^[@bibr10-0148607114550189]^

DXA is a quick, noninvasive, and safe method for body composition assessment, and the radiation exposure is considered small and safe for repeated measures. Moreover, DXA measures 3 body composition compartments and can provide regional estimates of these compartments.

DXA is also a very precise method for quantifying body composition; its overall precision exceeds that of any other body composition methodology.^[@bibr11-0148607114550189]^ Although results of DXA scans, particularly fat and bone estimates, are highly correlated with cadaver analysis and in vivo neutron activation analysis,^[@bibr4-0148607114550189]^ its accuracy depends on several factors such as patient's body thickness and size, machine calibration procedures, software version used, and the definition of regions of interest, which is operator dependent.

The thickness of the body can affect DXA results.^[@bibr5-0148607114550189]^ Increased tissue thickness (\>25 cm) causes an increased attenuation of low-energy photons, causing a disproportional shift to the high-energy photons, which may lead to an underestimation of fat mass in obese patients.^[@bibr12-0148607114550189]^ Moreover, the actual size of an individual presents a limitation for some DXA scans, as large persons are not able to easily fit inside the scan area, which is usually 60 × 197.5 cm. Nonetheless, recently developed DXA systems have expanded the limits of the DXA table so that now a patient who is morbidly obese can be accommodated.

Hydration status may affect DXA accuracy because of the programmed assumption of a constant and uniform FFM hydration. Large changes in hydration (higher than 5%) can change the attenuation of fat-free soft tissue,^[@bibr10-0148607114550189]^ causing an overestimation of the LST compartment. Nevertheless, small changes in hydration levels do not greatly alter DXA estimates.^[@bibr5-0148607114550189]^

Finally, the inability of DXA to decipher the different types of fat (visceral, subcutaneous, and intramuscular) and LST (muscle, organs) may also represent a practical limitation of this modality in clinical settings. In addition, orthopedic implants can create artifacts that affect DXA measurements, resulting in inaccurate identification of soft-tissue parameters,^[@bibr13-0148607114550189]^ although little is known about the overall effect of such artifacts on whole-body composition measurements.^[@bibr14-0148607114550189]^

A major limitation of DXA is the variability of the hardware and software packages between manufacturers. This inconstancy in technology limits the ability of healthcare professionals to compare measurements between different machines and to minimize residual calibration errors.^[@bibr1-0148607114550189],[@bibr14-0148607114550189]^ A universal calibration of DXA machines is greatly needed to advance research in the field.

Despite these limitations, DXA scans have assumed an increasingly important role in clinical settings because of its decreasing cost and its availability for measuring bone density. As DXA machines are used worldwide in the assessment of osteoporosis, healthcare professional may seek its "secondary" use (ie, perform body composition assessments), provided that software and appropriate phantom calibration is available.^[@bibr14-0148607114550189]^

Computerized Tomography Imaging {#section5-0148607114550189}
-------------------------------

The use of CT imaging in the clinical setting has escalated in the past few years due to the accuracy, reliability, and availability of these images in certain clinical scenarios. As outlined in [Table 1](#table1-0148607114550189){ref-type="table"}, CT is a gold-standard^[@bibr4-0148607114550189]^ imaging method for body composition analysis at the tissue-organ level.^[@bibr15-0148607114550189]^ For this method, x-ray attenuation is measured by a computer program that reconstructs cross-sectional images represented by a 2-D map of pixels.^[@bibr16-0148607114550189]^ Pixels are then given a numerical value (Hounsfield unit), based on tissue attenuation (related to electron density) that are colored white (most dense \[ie, water\]) and black (least dense \[ie, air\]).^[@bibr15-0148607114550189]^ Bone, skeletal muscle, and adipose tissue, as well as visceral organs, have specific Hounsfield unit ranges, allowing for their identification in the cross-sectional images.^[@bibr15-0148607114550189],[@bibr17-0148607114550189]^ The tissue area (cm^[@bibr2-0148607114550189]^) of the cross-sectional image is subsequently calculated by multiplying the number of pixels for a given tissue by the surface area of the individual tissues. In body composition research, CT imaging is most commonly used to assess the amount of adipose and skeletal muscle tissue and to determine the integrity of the latter. Adipose tissue found within skeletal muscle (intramuscular adipose tissue) causes a decrease in the pixels depicting skeletal muscle, affecting the quality of the assessment of this tissue; thus, the lower the mean Hounsfield units, the lower the density and, therefore, the greater the fat content.^[@bibr15-0148607114550189]^

As reviewed previously, several studies have supported CT image analysis as a valid, accurate, and precise method to assess body composition.^[@bibr4-0148607114550189],[@bibr15-0148607114550189]^ Moreover, single abdominal cross-sectional images can be used to estimate whole-body composition.^[@bibr18-0148607114550189],[@bibr19-0148607114550189]^

The radiation dose generated by CT is high; therefore, it is not considered safe for repeated measurements. Exposing healthy individuals to this high radiation dose solely for the purpose of conducting body composition research may be considered unethical.^[@bibr15-0148607114550189]^ In addition, the size of the patient may represent a limitation for CT imaging. Patients may not fit in the CT scan field of view, and tissues such as subcutaneous adipose tissue and even muscle may not appear in the cross-sectional image. Regardless of these limitations, CT images can be used opportunistically when they are obtained as part of the medical diagnosis and have been digitally stored in the patient's medical record.

The third lumbar (L3) vertebra has been the landmark of interest for the study of body composition using CT scans. Shen and colleagues^[@bibr19-0148607114550189]^ performed a study to determine the region at which tissue cross-sectional area in a single image was the best correlate of whole-body muscle volume. They started at L4/L5 and analyzed images at that point as well as +5 and +10 cm higher and −5 and −10 cm lower. The best correlation they found for skeletal muscle was 5 cm above L4/L5, which is around the L3 region. Once the L3 region is identified, analysis software (eg, SliceOmatic; TomoVision, Montreal, Quebec, Canada) is then used to identify specific tissue demarcation using Hounsfield unit thresholds established for skeletal muscle, visceral adipose tissue, subcutaneous adipose tissue, and intramuscular adipose tissue. Cross-sectional areas (cm^2^) are then computed for each tissue by summing tissue pixels and multiplying by the pixel surface area. Contrast-enhanced or unenhanced images can be used. It is important to understand that this technique is used to measure skeletal muscle cross-sectional area (cm^2^), which in turn can also be used to estimate whole-body skeletal muscle mass using a prediction equation developed by Shen et al.^[@bibr19-0148607114550189]^ In addition, prediction equations have also been developed to estimate LST and FFM from CT-assessed muscle cross-sectional area in patients with cancer.^[@bibr20-0148607114550189]^

Clinical conditions where CT images are available from the medical records of patient participants include but are not limited to cancer,^[@bibr21-0148607114550189][@bibr22-0148607114550189][@bibr23-0148607114550189]-[@bibr24-0148607114550189]^ respiratory failure,^[@bibr25-0148607114550189]^ aortic stenosis (yet to be explored), and patients hospitalized in the intensive care unit (ICU) following trauma.^[@bibr26-0148607114550189]^ The landmark of interest (ie, L3) may not always be available in the medical records of these patients. To our knowledge, the evidence of using other muscularity assessment techniques such as thoracic or psoas muscle cross-sectional area is limited. Likewise is the relationship of these surrogate measurements with total muscle cross-sectional area or whole-body muscle mass estimates.^[@bibr21-0148607114550189]^

The establishment of a clinical or research program using CT scans to analyze body composition requires appropriate software, personnel trained to use the software with knowledge of anatomy (a radiologist is not essential), and image availability. In longitudinal studies, it is important that images of similar patients are analyzed by the same technician.

Although CT scans are typically used retrospectively, prospective studies can be strategically planned to assess body composition prospectively, according to expected clinical use. The MENAC study (Multimodal Exercise/Nutritional/Anti-inflammatory Treatment for Cachexia trial), a large, randomized phase 3 study comparing multimodal intervention vs standard of care for patients with cancer cachexia, has as its target outcome change in CT-assessed skeletal muscle mass from baseline to week 6---timelines where patients would normally have a CT scan for diagnostic/treatment follow-up purposes.^[@bibr27-0148607114550189]^

Magnetic Resonance Imaging {#section6-0148607114550189}
--------------------------

An advantage of MRI over CT is that the images for MRI are not acquired using ionizing radiation. The data acquisition is based on a generated magnetic field that directs the alignment of hydrogen nuclei. Next, a radiofrequency pulse is applied, leading to energy absorption by the hydrogen protons, which release energy as the pulse is turned off and the protons are returned to their original position. The energy released is then detected by a receptor in the form of a radiofrequency signal used to create the whole-body or regional images.^[@bibr15-0148607114550189]^ The difference between tissues and organs is related to the tissue-specific magnetic resonance properties, such as the density of hydrogen atoms and relaxation time.^[@bibr28-0148607114550189]^

Using imaging analysis software, the generated gray-scale images can be determined based on the voxel (volume and pixel) information and the area (calculated based on cm^2^). Using anatomical knowledge and predetermined color codes for specific identified regions of interest, whole-body and/or regional volumes can be calculated based on a 3-D formula accounting for tissue area, slice thickness, distance between consecutive images, and number of images.^[@bibr15-0148607114550189]^ Tissue mass (kg) can be calculated based on the assumed constant density values for skeletal muscle (1.04 g/cm^3^) and adipose tissue (0.92 g/cm^3^).

Because the MRI technique does not rely on ionizing radiation, it is safe across age range and groups and allows for serial assessments (longitudinal studies). Its excellent image resolution also contributes to the use of this technique as the most accurate method to determine body composition at the tissue-organ level at whole-body or regional levels. In addition, the lipid content within skeletal muscle may be determined using "chemical shift" imaging techniques,^[@bibr15-0148607114550189]^ which are of emerging importance in the field of body composition prognostication in health and disease. With the advancement of the MRI technique, the time for reliable image acquisition has decreased significantly, reducing patient burden and making MRI a more useful technique in body composition research.^[@bibr15-0148607114550189]^

The MRI technique has been used primarily to evaluate adipose tissue (quantity and distribution), followed by skeletal muscle mass. Although whole-body imaging provides state-of-the-art information,^[@bibr19-0148607114550189]^ most of the studies to date have included single MRI technique protocols, especially at the mid-thigh level.

This technique has been useful in the evaluation of body composition changes in cross-sectional or interventional studies in obesity,^[@bibr29-0148607114550189],[@bibr30-0148607114550189]^ sarcopenia,^[@bibr31-0148607114550189]^ space travel,^[@bibr32-0148607114550189]^ childhood obesity,^[@bibr33-0148607114550189]^ hemodialysis,^[@bibr34-0148607114550189]^ and human immunodeficiency virus (HIV).^[@bibr35-0148607114550189]^ Limitations in the use of MRI in clinical and research settings are largely related to the high cost and technical expertise required for the analysis and the effect of respiratory motion on image quality for whole-body assessments. Although MRI has shown excellent accuracy in measuring skeletal muscle compared with cadaver validation studies,^[@bibr36-0148607114550189]^ it is rather impractical to use in a clinical setting or in large epidemiological studies; therefore, DXA is the most commonly used imaging tool in the clinical setting. A comparison of body composition components obtained by MRI analysis vs DXA is provided in [Figure 2](#fig2-0148607114550189){ref-type="fig"}.

![Selected body composition components measured by dual-energy x-ray absorptiometry (DXA; left) and magnetic resonance imaging (MRI; right). Body mass (M) and volume (V) represent the sum of these components for DXA and MRI, respectively. BMC, bone mineral content; IMAT, intermuscular adipose tissue; LST, lean soft tissue; Res, residual mass (organs and tissues remaining after subtracting skeletal muscle, bone, and adipose tissue volumes); SAT, subcutaneous adipose tissue; SM, skeletal muscle; VAT, visceral adipose tissue.](10.1177_0148607114550189-fig2){#fig2-0148607114550189}

Ultrasound {#section7-0148607114550189}
----------

Ultrasound is a commonly available technique used in clinical settings for diagnosis and follow-up purposes. The use of ultrasound in body composition research is possible due to its ability to quantify tissue thickness. For example, when the ultrasound beam is propagated through the skin, it is partially reflected back to the transducer as an echo when encountering underlying tissues such as subcutaneous adipose tissue and skeletal muscle.^[@bibr37-0148607114550189],[@bibr38-0148607114550189]^ The degree of reflection of tissues varies according to its acoustic impedance (product of acoustic impedance and speed of sound)^[@bibr39-0148607114550189]^ in a scale where air \< adipose tissue \< muscle \< bone. The higher the acoustic impedance, the stronger the generated reflection will be and, therefore, the better the image quality. When the transducer receives the beam, it converts the echo into electric signals to form a 2-D image.^[@bibr37-0148607114550189],[@bibr38-0148607114550189]^ Because the acoustic impedance of adipose tissue and muscle is somewhat similar, a weaker echo between the adipose tissue-muscle interface leads to a weaker echo compared with muscle and bone or adipose tissue and bone interfaces.^[@bibr37-0148607114550189],[@bibr38-0148607114550189]^ The ability to interpret these interfaces represents 1 of the major drawbacks of the technique as it is somewhat subjective and requires specific technical expertise.

After the tissue boundaries have been determined on the ultrasound image, calipers are used to determine tissue thickness; the use of calipers also relies on practice and standardization of protocol.^[@bibr38-0148607114550189]^ Nonetheless, ultrasound scanning is a simple, portable, safe, and a low-patient burden technique. It has been most extensively used in the assessment of subcutaneous adipose tissue, followed by visceral adipose tissue. As summarized by Bazzocchi et al,^[@bibr40-0148607114550189]^ ultrasound has a higher correlation with areas or volumes of fat detected by CT or MRI, and, as assessed in the study, it provides an accurate, reproducible, and fast analysis of abdominal adiposity, discriminating between visceral and subcutaneous adiposity.

The measurement of muscle using ultrasonography is more prone to technical errors caused by muscle compressibility, selection of a reliable site, optimal transducer position management, ability to ensure a full relaxation or contraction state, and the patient's resting state and hydration status.^[@bibr41-0148607114550189]^ When potential technical issues are manageable, the technique can provide high test-retest reliability of muscle thickness and cross-sectional area.^[@bibr41-0148607114550189]^ Tillquist et al^[@bibr42-0148607114550189]^ recently demonstrated an excellent intra- and interrater reliability for ultrasound measurements of quadriceps muscle layer thickness, advocating for the use of the technique in hospital settings.

The use of ultrasound measurements of muscle size in clinical settings is promising because it is safe, noninvasive, and portable, and it allows for simplicity of measurements. Ultrasound has been used to measure muscle thickness as an index of LST in patients with multiple-organ failure prone to muscle wasting,^[@bibr43-0148607114550189]^ patients with cystic fibrosis,^[@bibr44-0148607114550189]^ elderly individuals,^[@bibr45-0148607114550189][@bibr46-0148607114550189][@bibr47-0148607114550189]-[@bibr48-0148607114550189]^ patients confined to bed rest,^[@bibr49-0148607114550189]^ critically ill patients,^[@bibr50-0148607114550189]^ patients with amyotrophic lateral sclerosis,^[@bibr51-0148607114550189]^ and stroke survivors.^[@bibr52-0148607114550189]^

The Value of Assessing LST: Clinical Considerations {#section8-0148607114550189}
===================================================

As mentioned above, many features of body composition are masked by considering body weight as a whole and/or body weight change. Imaging-based examination of body composition is highly differentiated, which allows separate discrimination of many of its facets. As such, many abnormalities in body composition exist, including low bone mass/density (osteopenia/porosis), excess fat (obesity), low muscle mass (sarcopenia), and the combination of excess fat with low muscle (sarcopenic obesity), among others.^[@bibr53-0148607114550189]^

*Sarcopenia* is a term denoting a reduced quantity of skeletal muscle.^[@bibr54-0148607114550189]^ This definition is probably one of the most debated and the least agreed-upon topics on body composition research. Different cut points using different methodologies and rationale have been proposed, and the reader is referred to comprehensive reviews on the topic.^[@bibr8-0148607114550189],[@bibr55-0148607114550189],[@bibr56-0148607114550189]^

The relevance of sarcopenia is due to the value of muscle mass and strength as critical components in maintaining physical function, mobility, and vitality. Sarcopenia is postulated to be a major factor in age-related strength decline and functional impairment^[@bibr57-0148607114550189],[@bibr58-0148607114550189]^ and has been associated with physical disability, falls, fractures, and frailty.^[@bibr57-0148607114550189],[@bibr59-0148607114550189]^ In fact, sarcopenia in the elderly and in patients with various diseases is associated with extended hospital stays, infectious and noninfectious complications, and overall mortality.^[@bibr60-0148607114550189][@bibr61-0148607114550189]-[@bibr62-0148607114550189]^ Importantly, sarcopenia is not restricted to people who appear thin or underweight.^[@bibr1-0148607114550189]^ Aging is often paralleled by increased muscle loss and increased fat, which may culminate in a condition termed *sarcopenic obesity*, a syndrome that entails the combined health risks of both sarcopenia and obesity. Sarcopenic obesity is increasing in prevalence around the world,^[@bibr1-0148607114550189],[@bibr53-0148607114550189],[@bibr63-0148607114550189],[@bibr64-0148607114550189]^ and its consequences for all aspects of physical function and a variety of health outcomes have begun to be described.^[@bibr8-0148607114550189]^ Nonetheless, there is considerable evidence to suggest that the double burden of sarcopenia and obesity may accentuate the risk of unfavorable health outcomes, leading to significantly greater morbidity and disability than either in isolation.^[@bibr65-0148607114550189]^ As summarized in a literature review,^[@bibr8-0148607114550189]^ sarcopenic obesity is associated with greater physical disability, increased risk of metabolic syndrome, increased length of hospital stay, and increased mortality.

Although most studies to date have been conducted in elderly individuals, sarcopenia and sarcopenic obesity are not limited only to the elderly. Individuals can be prone to muscle loss (with or without concurrent obesity) in several clinical disorders. These include diabetes, cancer, chronic obstructive pulmonary disease, cirrhosis, and rheumatoid arthritis, among others.

More recently, the term *osteosarcopenic obesity* has also been proposed^[@bibr53-0148607114550189],[@bibr66-0148607114550189]^ to describe the concurrent appearance of obesity in individuals with low bone and muscle masses. As obesity masks both osteopenia/osteoporosis and sarcopenia, the detection and understanding of this phenotype is limited to the availability of sophisticated body composition techniques. The triple burden of osteosarcopenic obesity may accentuate the risk of developing chronic degenerative diseases, but more important, it could reduce disability-free life expectancy and increase the risk of mortality.^[@bibr53-0148607114550189]^ Regardless of the terminology used to describe abnormal body composition phenotypes, it is paramount for healthcare professionals to understand they exist and are associated with poorer health outcomes.

As science evolves, so does the interest in exploring abnormal body composition phenotypes in the scientific community. The bottom line is that having an abnormal body composition, especially LST depletion, has been recently revealed as a predictor of unfavorable health outcomes (worst prognosis) in a variety of patient populations. Key examples in the literature include shorter survival (patients with cancer, cirrhosis, and kidney failure),^[@bibr24-0148607114550189],[@bibr67-0148607114550189][@bibr68-0148607114550189]-[@bibr69-0148607114550189]^ longer length of hospital stay (elderly individuals and patients with cancer),^[@bibr62-0148607114550189],[@bibr70-0148607114550189][@bibr71-0148607114550189]-[@bibr72-0148607114550189]^ higher prevalence of postoperative complications (elderly individuals and patients with cirrhosis and cancer),^[@bibr61-0148607114550189],[@bibr72-0148607114550189][@bibr73-0148607114550189]-[@bibr74-0148607114550189]^ shorter time to tumor progression,^[@bibr75-0148607114550189]^ and higher incidence of life-threatening toxicity to treatment (patients with cancer).^[@bibr21-0148607114550189],[@bibr22-0148607114550189],[@bibr76-0148607114550189][@bibr77-0148607114550189][@bibr78-0148607114550189]-[@bibr79-0148607114550189]^

Recent studies have also highlighted the use of imaging techniques to detect LST depletion in cohorts of individuals with respiratory failure,^[@bibr25-0148607114550189],[@bibr80-0148607114550189]^ chronic obstructive pulmonary disease,^[@bibr81-0148607114550189]^ HIV,^[@bibr82-0148607114550189]^ Alzheimer disease,^[@bibr83-0148607114550189]^ or traumatic injuries.^[@bibr26-0148607114550189]^ Another emerging cohort of patients prone to body composition abnormalities are those with osteoarthritis, in whom body composition may have an important predictive value before and after hip or knee replacement surgery. Muscle atrophy has been demonstrated in patients with osteoarthritis of the hip,^[@bibr84-0148607114550189]^ and a 20% reduction in muscle strength has been reported in patients scheduled for knee replacement surgery.^[@bibr85-0148607114550189],[@bibr86-0148607114550189]^

The evolving importance of body composition assessment has been a paradigm shift in the assessment of nutrition status. Body composition is becoming a crucial component of clinical assessment, suggesting that commonly used subjective and superficial assessments such as body weight and BMI may neglect the health risks and status of patients.^[@bibr1-0148607114550189]^ In a variety of clinical conditions, body composition assessment will be vital for making treatment decisions, predicting survival outcomes, and determining patient quality of life.

Notwithstanding, a major drawback for such advance is the understanding of the relationship between quantity and function/health or, in other words, the specific amount of LST related to poor prognosis (cut point) or the specific increase in LST, which would translate to change in a health outcome. As discussed by van Kan et al,^[@bibr87-0148607114550189]^ regulatory agencies have to date failed to accept quantitative increases in LST as sufficient criteria for approval of therapeutic interventions to treat LST depletion.

Although not the focus of this article, muscle and adipose tissue and their whole-body--derived variables have been extensively used to evaluate other clinical outcomes such as determining time to tumor progression, outcomes of surgery (such as length of hospital stay and risk of infections), and survival.

Future Directions {#section9-0148607114550189}
=================

Methodologies to assess body composition have emerged as reliable predictors of physiological reserves, suggesting that superficial measures of body weight may potentially neglect risk and status.^[@bibr1-0148607114550189]^ As other medical fields have evolved to include sophisticated biomarker assessment methods in the clinical setting, we also advocate for the use of advanced body composition techniques for the assessment of health status of patients.^[@bibr1-0148607114550189],[@bibr88-0148607114550189]^

Although further research is needed to support the appropriate use of body composition as an outcome measure in clinical trials,^[@bibr89-0148607114550189]^ recognition of its importance is on the rise. Importantly, manipulating body composition changes by establishing adequate (or optimal) nutrient requirements for individuals across the categories of body composition phenotypes will lead to specific dietary recommendations reflecting different levels of nutrition status. Unfortunately, to date, dietary recommendations and medical nutrition products have been established as "one size fits all." The identification of different body composition phenotypes suggests that individuals have different metabolism and hence utilization of fuel sources. This is an emerging area for future studies investigating the relationship between nutrition intake, energy expenditure, and overall metabolic regulation of the human body.
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